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Gold nanoparticle (AuNP) based colorimetric aptasensor have been developed for many analytes recently
largely because of the ease of detection, high sensitivity, and potential for high-throughput analysis. Most of
the target aptamers for detection have short sequences. However, the approach shows poor performance in
terms of detection sensitivity for most of the long-sequence aptamers. To address this problem, for the first
time, we split the 76 mer aptamer of 17f-estradiol into two short pieces to improve the AuNP based
colorimetric sensitivity. Our results showed that the split P1 + P2 still retained the original 76 mer
aptamer’s affinity and specificity but increased the detection limit by 10-fold, demonstrating that as low as
0.1 ng/mL 17B-estradiol could be detected. The increased sensitivity may be caused by lower aptamer
adsorption concentration and a lower affinity to the AuNPs of a short single-strand DNA (ssDNA)
sequence. Our study provided a new way to use long-sequence aptamers to develop a highly sensitive
AuNP-based colorimetric aptasensor.

example of an affinity molecule, which can bind tightly to a broad range of targets from small metal ions

to whole cells'*. Compared with conventional antibodies, nucleic acid based aptamer probes have a
number of advantages such as avoidance of using animals’ productions, better thermostability, and more flex-
ibility in designing various types of electrochemical*?, fluorescence®’, chemiluminescence®, or colorimetric*'°
sensing schemes for a broad spectrum of targets. Among the approaches, unmodified gold nanoparticle (AuNP)
based colorimetric aptasensors have been given prominent attention largely because of the simplicity,
high sensitivity, and a potential for high-throughput analysis’’""*. In these assays, AuNPs are used as an
extremely sensitive colorimetric indicator due to an extraordinarily high extinction coefficient and strong dis-
tance-dependent optical properties'*'*. Random coil single-strand DNA (ssDNA) aptamers are postulated to be
adsorbed onto the surface of AuNPs through coordination between Auand N atoms in DNA bases'®°. Then, the
AuNPs are stabilized by ssDNA aptamers against aggregation upon salt addition and the solution remains wine-
colored. However, in the presence of targets, the aptamers become folded by binding to the targets and being
desorbed from the surface of the AuNPs, resulting in subsequent aggregation of AuNPs and the solution’s color
change from red to purple-blue. In fact, the folded aptamers or double-strand DNAs are not easily adsorbed onto
the AuNPs mainly due to the higher rigidity in the structures with the hidden status of the positively charged bases
positioned inside the double-stranded.

Even though the simple colorimetric aptasensor has been developed for various target molecules , most
of the target aptamers have short sequences such as potassium ions 21 mer'®, thrombin 29 mer'’, ochratoxin A
36 mer®', ampicillin 19 mer*, and sulfadimethoxine 22 mer®. Most of long-sequence aptamers showed poor
performance in detection sensitivity as we tested aptamers such as 17f-estradiol 76 mer?, chloramphenicol
80 mer”’, and oxytetracycline 76 mer*®. A lower affinity to targets may be one reason as Kim et al. has significantly
increased the sensitivity by truncating the 76 mer oxytetracycline aptamer to shortened 8 mer ssDNAs with an
enhanced affinity®®. There may be some other reasons since the mechanism of DNA adsorption onto the surface
of AuNPs is still not well understood**°. One possible reason is that short ssDNAs are more easily adsorbed onto
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the surface of AuNPs than long ssDNAs, which have more folded
structures. That means more long aptamers are needed to stabilize
AuNPs against the same concentration of salt than short aptamers.
As we know, excessive aptamers mean less sensitivity in the aspect of
competitive interaction dynamics among aptamers, AuNPs, and tar-
gets™. Another possible reason is that once the aptamers are
adsorbed onto the surface of AuNPs, the long aptamers bind more
tightly than short aptamers as they have more bases binding to the
surface of AuNPs. A higher aptamer affinity to AuNPs indicates
more targets are needed to detach aptamers from the surface of
AuNPs, which also means lower sensitivity®'.

Since many long-sequence aptamers have been selected by SELEX
and it is difficult to find a short core sequence with a higher affinity,
to find a new way is critical to develop a highly sensitive unmodified
AuNP based colorimetric aptasensor with long-sequence aptamers.
17B-estradiol, as an endocrine disrupting chemical (EDC), has the
greatest estrogenic activity and has been found frequently in natural
water sources and in wastewater effluents within the range of 0.2 to
3 mg/L**. 17f-estradiol entering into the organism from outside
interferes with normal physiological processes and creates many
deleterious effects®®. The detection of such chemicals, therefore, is
necessary for protecting public and environmental health.

To address this problem, for the first time, we focused on 17f3-
estradiol with its 76 mer aptamer split into two short pieces to
improve the AuNP based colorimetric sensitivity. As shown in
Figure 1, the long-sequence 17f-estradiol aptamer was splitted into
two fragments, which could be easily adsorbed on the surface of
AuNPs and enhanced the stability of AuNPs against salt-induced
aggregation. In the presence of 17f-estradiol, the split P1 and P2
binding to the target resulted in obvious AuNP aggregation upon
adding a high concentration of salt and color change from red to
purple or blue.

Results and Discussion

The secondary structure of the 76 mer 173-estradiol aptamer has
been illustrated in Figure 2 using a web-based tool mfold with the
free-energy minimization algorithm?®. The 33A/34G site in the loop
near the center of the sequence was selected to split the aptamer into
two fragments (33 mer P1 and 43 mer P2), which was expected to
have the minimum effect on the complete conformation. Table 1 lists
the 76 mer 17f-estradiol aptamer and the P1 and P2 sequences,
which were synthesized by Sangon Biotechnology Co., Ltd.
(Shanghai, China).

To develop a sensitive AuNP based colorimetric aptasensor, the
minimum aptamer concentration used to stabilize AuNPs should be
determined. As shown in Figure 3, with the same concentration of
NaCl (125 mM), 1 uM P1 + P2 could stabilize AuNPs, whereas at
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Figure 2 | Secondary structure of the 17B-estradiol aptamer illustrated in
the report of Kim et al.>. The red arrow indicates the splitting site, where
P1 and P2 are shown.

least 1.5 pM of the original long 76 mer aptamer was needed to keep
the AuNP solution red. As short ssDNAs have a more fragile struc-
ture with more bases exposed, they are more likely to adsorb onto the
surface of AuNPs due to the coordination between Au and N atoms
in DNA bases'**°. However, long ssDNAs are not easily adsorbed on
AuNPs because of higher rigidity in the structure with the hidden
status of the bases positioned inside the double-stranded.
Furthermore, 1 pM P1 + P2 provides the same protection for
AuNPs’ resistance against salt-induced aggregation as 1.5 uM ori-
ginal long aptamer with about 0.5 pM bases lost. It might be con-
cluded that it is the mole number of ssDNAs, rather than the number
of nucleotides, plays a more important role in stabilizing AuNPs
against salt-induced aggregation.

Dispersed AuNPs

NaCl

17p-Estradiol Aggregated AuNPs

Figure 1| Schematic illustration of a gold nanoparticle based colorimetric aptasensor to detect 17B-estradiol using split aptamers.
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Table 1 | Aptamer and complementary sequences used in this study

Description Length Sequence(5'-3')

17 B-estradiol aptamer 76 mer GCTTCCAGCTTATTGAATTACACGCAGAGGGTAGCGGCTCTGCGC-
ATTCAATTGCTGCGCGCTGAAGCGCGGAAGC

P1 33 mer GCTTCCAGCTTATTGAATTACACGCAGAGGGTA

P2 43 mer GCGGCTCTGCGCATTCAATIGCTGCGCGCTGAAGCGCGGAAGC

We first tested the application of the split P1 and P2 for 17p-
estradiol detection with an unmodified AuNP based colorimetric
aptasensor. 1 pM of the P1 + P2 was incubated with different con-
centrations of 17f-estradiol for 5 min and then mixed with AuNPs
for another 5 min. After that, NaCl was added. The same experiment
was performed with the original 76 mer aptamer. As shown in
Figure 4, with the 17P-estradiol concentration increasing, the
AuNP solution changed to purple and even blue at high concentra-
tion of 17B-estradiol. And interestingly, we found that for the ori-
ginal 76 mer aptamer, naked eyes could detect color change with
10 ng/mL 17p-estradiol or above, while for the P1 + P2 based assay,
as low as 1 ng/mL 17B-estradiol showed obvious changes in color.
That means the sensitivity is improved by nearly 10-fold with the
split P1 and P2.

To further analyze the aptasensor sensitivity as well as the linear
range of 17f-estradiol detection, the absorption spectra of 450 nm to
750 nm were measured and the ratio of ODg,¢/ODs;o was plotted to
the log 17-estradiol concentration. As shown in Figure 5, for both
the original 76 mer aptamer and the split P1 + P2 based aptasensor,
the presence of increasing concentrations of 17B-estradiol from
0 ng/mL to 10° ng/mL leads to obvious adsorbance decease of
A520 and increase of A600-700. The linear relationship of the ratio
of OD¢,0/ODs, vs the 17B-estradiol concentration indicates that the
17pB-estradiol concentration can be quantitatively derived. For the
76 mer aptamer, the detection limit is 1 ng/mL with a dynamic range
from 1 ng/mL to 10° ng/mL (Figure 5A and 5B). For the split P1 +
P2, the detection limit is 0.1 ng/mL with a dynamic range from
0.1 ng/mL to 10° ng/mL (Figure 5C and 5D). That means, for the
split P1 + P2, the sensitivity was increased by 10-fold. One reason for
the increased sensitivity may attribute to the lower adsorption con-
centration of the split P1 + P2 since 17-estradiol competitively bind
to P1 + P2 or the 76 mer aptamer with AuNPs. Another reason may
attribute to a lower affinity of short-sequence P1 + P2 to AuNPs than
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Figure 3 | Comparison of the minimum aptamer concentrations of the
76 mer aptamer and split P1 + P2 to stabilize AuNPs with 125 mM NaCl.

the 76 mer aptamer, which bind more tightly to AuNPs due to the
establishment of more contact points on the AuNP surface.

However, there is another question on whether the split P1 and P2
can still specifically bind to 17B-estradiol. To answer this question,
the split P1 and P2 were separately adsorbed to the AuNP surface to
perform 17f-estradiol detection. As could be observed in Figure 6,
either P1 or P2 can be used to detect 17p-estradiol even the detection
limit was decreased to 10,000 ng/mL. It is easy to understand that
either of the split P1 and P2 has a low affinity to 173-estradiol since
the binding sites have been reduced greatly. Whatever, the result
proves that both of the split P1 and P2 retained partial binding
capacity of the original 76-mer aptamer and they can be used for
17B-estradiol detection after adsorbed onto AuNPs simultaneously
or independently.

We know the specificity of an aptasensor relies on high selectivity
of the aptamer. To determine whether P1 + P2 still retains the
original 76 mer aptamer’s specificity after splitting, we tested the
sensing platform against several structural analogues, estrogen-like
compounds, and solvent control methanol (for 17f-estradiol dis-
solution). As shown in Figure 7, for both the original 76 mer aptamer
and P1 + P2, the structural analogues of estriol, estrone, and 19-
nortestosterone all induced a slight increase in the ratio of ODgyo/
ODs, at 1000 ng/mL. This can be attributed to their cyclopentano-
perhydrophenanthrene structures as the same as 17f-estradiol.
While for the estrogen-like compounds bisphenol A and diethylstil-
bestrol at 1000 ng/mL and solvent control methanol, the increase in
the ratio of ODs,0/ODsy is almost negligible for both the original
76 mer aptamer and P1 + P2. The result proves that there is no
significant difference in specificity between P1 + P2 and the original
76 mer aptamer and the split P1 and P2 still retain the specificity of
the original aptamer.

In summary, we have demonstrated a highly sensitive colorimetric
aptasensor with two split fragments P1 and P2 of the 17f-estradiol
aptamer adsorbed on the surface of AuNPs. Our results proved that
the split P1 + P2 still retained the original 76 mer aptamer’s affinity
and specificity and even increased the detection limit by 10 times
since as low as 0.1 ng/mL 17f-estradiol can be detected. The reasons
for the increased sensitivity may be both the lower adsorption con-
centration and lower affinity to AuNPs of short ssDNA sequences. In
this study, attention should also be drawn to the cut site on the
original aptamer since it was casually selected in the loop near the
center of the sequence on the base in the secondary structure of the
predicted 76 mer aptamer. We have reasons to believe there may be
other splice sites to give higher sensitivity in producing two, three, or
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Figure 4 | Photographs of the AuNP solutions adsorbing the 76 mer
aptamer and split P1 + P2 under different concentrations of 17f-
estradiol.
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Figure 5 | Sensitivity for detecting 17f-estradiol with the original 76 mer aptamer or split P1 + P2 adsorbed onto AuNPs. (A) Absorption spectra of the
AuNP solutions with 76 mer aptamer adsorption under different 17f-estradiol concentrations. (B) Typical calibration curve for 17f-estradiol

with the 76 mer aptamer adsorbed AuNPs. (C) Absorption spectra of the AuNP solutions with P1 + P2 adsorption under different 17-estradiol
concentrations. (D) Typical calibration curve for 17B3-estradiol with P1 + P2 adsorbed AuNPs.

even more fragments with the AuNP based colorimetric aptasensor.
The illustration of the complex 17B-estradiol-aptamer structure may
greatly help find these sites. Whatever, our study provided a new way
to make use of long aptamers for a highly sensitive AuNP based
colorimetric aptasensor. Besides, the split-aptamer strategy may pro-
vide a chance for the development of a sandwich assay for targets
with only one aptamer.

Methods

Materials and reagents. The sequences of the 17B-estradiol binding aptamer®® and
the split P1 and P2 fragments were synthesized by Shanghai Sangon Biotechnology
Co., Ltd. (Shanghai, China), as listed in Table 1. The lyophilized powder was dissolved
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in ultrapure water and stored at 4°C before use. The concentration of the
oligonucleotide was determined by measuring the UV absorbance at 260 nm. Estriol,
estrone, chloroauric acid (HAuCl,), and sodium citrate (C4HsNa3;0-) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Bisphenol A, 17p-estradiol, 19-
nortestosterone, and diethylstilbestrol were purchased from Dr. Ehrenstorfer GmbH
(Augsburg, Germany). Other chemicals including sodium chloride and methanol
were all purchased from Beijing Chemical Reagent Company (Beijing, China). All of
the chemicals were of at least analytical grade.

Synthesis of citrate-protected AuNPs. AuNPs were synthesized using the classical
citrate reduction method*". Briefly, colloidal AuNPs with an average diameter of

13 nm were prepared by rapidly injecting a sodium citrate solution (10 mL,

38.8 mM) into a boiling aqueous solution of HAuCl, (100 mL, 1 mM) with vigorous
stirring. An obvious color change of the reaction mixture was observed from
transparent to dark blue and finally wine red. After being boiled for 20 min, the
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Figure 6 | Control experiments to verify that the split P1 and P2 can retain partial affinity to 17p-estradiol.
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Figure 7 | Selectivity evaluation of the P1 + P2 or original 76 mer aptamer based AuNP colorimetric assay.

reaction flask was removed from the heat to allow the reaction solution to cool at
room temperature.

Detection procedure using an AuNP based colorimetric aptasensor. To develop
an AuNP based colorimetric aptasensor for 17-estradiol detection, 50 pL

1.5 pM 76 mer 17B-estradiol aptamer or 1 pM split P1 + P2 was incubated
with 50 pL target for 5 min at room temperature, and then 50 uL. AuNP
solution was added and kept for another 5 min at room temperature.
Subsequently, 10 puL of 2 M NaCl was transferred to the solution to give a final
volume of 160 pL and mixed thoroughly. After the solution was equilibrated for
5 min, the resulting solution was transferred to a 10 mm quartz cuvette. The
UV-vis absorption spectrum was measured over the wavelength range from
450 nm to 750 nm with respect to water and finally photographs were taken
with a Sony TX20 digital camera.
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